Introduction
============

Hemophilia B is a common X-linked recessive genetic disease, with an incidence rate of 1/30,000 in males in the UK ([@b1-mmr-15-03-1313]). Hemophilia B is primarily caused by a deficiency in human blood coagulation factor IX (hFIX). The major clinical symptoms include spontaneous or traumatic bleeding, particularly bleeding and hematomas in the muscles and joints, which may lead to disability and become life-threatening due to intracranial and joint bleeding. No effective treatment has been identified to successfully treat hemophilia B. Traditional treatment entails supplementation of plasma products with enriched hFIX. This therapy may be effective; however, the risk of viral contamination, such as human immunodeficiency virus or hepatitis B, may pose a risk ([@b2-mmr-15-03-1313]). Furthermore, the existing therapeutics, including the products of purified and recombinant hFIX, are extremely expensive and repeated transfusions of hFIX are required due to its short half-life *in vivo* ([@b3-mmr-15-03-1313]). The hFIX inhibitory antibody is generated following repeated infusions of hFIX products into the patient, thereby limiting the use of this protein replacement therapy. Hemophilia B is considered one of the genetic diseases that are most suitable for gene therapy ([@b4-mmr-15-03-1313]). A slightly increased hFIX concentration in the plasma (\>1% or 50 ng/ml) may yield a significant therapeutic effect and a hFIX concentration of up to 150% of the normal level does not lead to complications, such as thrombosis ([@b5-mmr-15-03-1313]).

As pluripotent adult stem cells, human mesenchymal stem cells (hMSCs) are widely distributed across various tissues and organs in the body. MSCs are a potential resource for regenerative medicine due to the simplicity of isolating them with density gradient centrifugation ([@b6-mmr-15-03-1313]--[@b8-mmr-15-03-1313]). In addition to their homing ability on lesions and damaged tissues, and due to their low immunogenicity, MSCs are considered to be the optimal cell vectors for gene therapy ([@b9-mmr-15-03-1313],[@b10-mmr-15-03-1313]). However, the efficient introduction and effective expression of an exogenous gene is critical for successful gene therapy using MSCs.

Currently, various methods have been used to modify MSCs derived from different tissues for the gene therapy of cancer and genetic diseases. However, these modifications are primarily based on random integration. The uncertainty of the insertion point may lead to various problems. Random integration may occur in the heterochromatin region, resulting in gene silencing ([@b11-mmr-15-03-1313]), or in the coding region of endogenous genes and damage the function of these genes, thereby affecting the transcription and expression of the surrounding genes, which may result in the occurrence of malignant tumors ([@b12-mmr-15-03-1313]). Due to the risks associated with random genetic integration, targeting of an exogenous gene into a 'safe site' of the genome has become a more desirable method of genetic modification. Adeno-associated virus integration site 1 (*AAVS1*) has been confirmed to be a safe transgenic locus and when combined with zinc finger nuclease (ZFN), an exogenous gene may be efficiently targeted into the *AAVS1* locus in various cell lines ([@b13-mmr-15-03-1313]). The present study aimed to introduce the *hFIX* gene into the *AAVS1* locus in MSCs to investigate the feasibility of MSCs as potential cell vectors for future gene therapy of hemophilia B.

Materials and methods
=====================

### Isolation and culture of MSCs

Written informed consent was obtained from two patients on 6/13/2013 and 8/19/2013, respectively, and the present study was approved by the Ethics Committee of Central South University (Changsha, China). Iliac bone marrow was collected from the two healthy male volunteers aged 23 and 25, respectively. A histopaque-1077 density gradient was used for the separation, as previously described ([@b14-mmr-15-03-1313],[@b15-mmr-15-03-1313]). The cells were cultured in MSC medium composed of Dulbecco\'s modified Eagle\'s medium (DMEM) low glucose (11885076; Thermo Fisher Scientific, Inc., Waltham, MA, USA,) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.) and 10 ng/ml basic fibroblast growth factor (Thermo Fisher Scientific, Inc.).

### Vector construction

AAVS-SA-2A-puro was purchased from Addgene, Inc. (Cambridge, MA, USA). The restriction enzymes were purchased from Fermentas; Thermo Fisher Scientific, Inc. The internal ribosome entry 2 (IRES2)-Ac green fluorescent protein 1 (GFP1) fragment was obtained by polymerase chain reaction (PCR) from the plasmid p-cytomegalovirus (CMV)-IRES2-AcGFP (purchased from Clontech Laboratories, Inc., Mountainview, CA, USA) and was ligated to the plasmid AAVS-SA-2A-puro (*Xho*I/*Xba*I) to obtain AAVS-AcGFP1. The plasmid pCMV-hFIX was purchased from OriGene Technologies, Inc. (Rockville, MD, USA). The CMV-hFIX expression cassette obtained by PCR was inserted into the *Sal*I site of AAVS-AcGFP1 to obtain the plasmid vector AAVS-AcGFP1-hFIX. The construction of the ZFN expression vector was performed as previously described ([@b16-mmr-15-03-1313],[@b17-mmr-15-03-1313]). The amino acid sequences in the recognition sites for the four zinc fingers of ZFN-left (L) were YNWHLQR, RSDHLTT, HNYARDC and QNSTRIG. The key amino acid sequences in the four zinc fingers of ZFN-right (R) were QSSNLAR, RTDYLVD, YNTHLTR, and QGYNLAG.

### Gene transfection

MSCs were separated and amplified to passage 3. Subsequently, AAVS-AcGFP1-hFIX, ZFN-L and ZFN-R, were co-transfected using nucleofection according to the manufacturer\'s protocol (cat. no. VVPE-1001; Lonza, Basel, Switzerland). The quantity of the AAVS-AcGFP1-hFIX donor vector and the ZFN expression vector were 5 µg and 1 µg (0.5 µg of ZFN-L and ZFN-R each), and MSCs were seeded at a density of 3×105 cells. Subsequently, the transfected cells were cultured in DMEM containing 10% FBS for 48 h in culture incubator (37°C, 5% CO~2~) and the GFP-positive cells were screened 48 h post-nucleofection transfection using flow cytometry (BD FACSARIA III; BD Biosciences, Franklin Lakes, NJ, USA) and the single GFP positive cells were sorted into single wells of the 96-well plate for monoclonal culture.

### Identification of the site-specific integration clones

To identify the clones with site-specific integration, gDNA of the single clones was extracted by using the PureLink™ Genomic DNA Mini kit (cat. no. K182001; Thermo Fisher Scientific, Inc.) and subsequently tested using PCR with the following primers: Forward primer, 5′-AACTACCTAGACTGGATTCGTGAC-3′; reverse primer, 5′-TGAGAAGCTGATGCAAGTTATGAG-3′. The PCR was performed with Taq DNA polymerase (Takara Biotechnology Co., Ltd., Dalian, China) with the following thermocycling parameters: 98°C for 5 min followed by 40 cycles of the following procedures: 98°C for 30 sec, 58°C for 30 sec, 72°C for 2 min, 72°C for 10 min; 4°C incubation for 1 h.

### Southern blot analysis

A total of 5 µg gDNA was digested with *AhdI* overnight and transferred onto a positively charged nylon membrane following 0.8% agarose electrophoresis. The probes were labeled with digoxigenin-deoxyuridine triphosphate by using the PCR DIG Probe Synthesis kit (cat. no. 11636090910; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany USA) and were hybridized to the gDNA fragments on the nylon membrane at 42°C overnight. The hybridization signals were detected using CDP-Star chemiluminescent substrate (cat. no. C0712-100ML; Sigma-Aldrich; Merck Millipore). The probes are presented in [Fig. 1A](#f1-mmr-15-03-1313){ref-type="fig"}. P1 was a 6,443--6,885 base pair fragments of the protein phosphatase 1 regulatory subunit 12C (PPP1R12C) gene and probe P2 was the amplification product with the AAVS-AcGFP1-hFIX template, using the primers 5′-ACCGGCACCGATTTCAAGGAGGAT-3′ and 5′-CAGGGGGAGGTGTGGGAGGTTTTT-3′.

### Determination of pluripotency

MSCs were differentiated into osteoblasts, adipocytes, and chondrocytes to determine their pluripotency using the StemPro^®^ Osteogenesis, Chondrogenesis and Adipogenesis Differentiation kits (Thermo Fisher Scientific, Inc., cat nos. A1007201, A1007101 and A1007001), respectively, according to the manufacturer\'s protocol. The differentiated osteoblasts, adipocytes, and chondrocytes were stained with Alizarin red, Oil Red O and Alcian blue, respectively. Images were captured using a Leica microscope (Leica DM6000 B) and analyzed using LAS AF software version 1.6.0 (Leica Microsystems GmbH, Wetzlar, Germany).

### Flow cytometry analysis

Cultured MSCs at passage 5 were detached using 0.25% trypsin/EDTA and centrifuged at 400 × g for 5 min. The supernatant was discarded and the cell pellet was re-suspended in D-PBS containing 1% fetal bovine serum to the concentration of 105 cells/ml. Cells were then incubated with 10 µl of phycoerythrin-conjugated antibodies anti-CD34 (1:50, cat. no. MA1-19645; Thermo Fisher Scientific, Inc.), anti-CD44 (1:50, cat. no. MHCD4404; Thermo Fisher Scientific, Inc.), anti-CD73 (1:50, cat. no. FAB5795P; R&D Systems, Inc., Minneapolis, MN, USA), anti-CD90 (1:50, cat. no. A15794; Thermo Fisher Scientific, Inc.), anti-CD105 (1:50, cat. no. MA1-80944; Thermo Fisher Scientific, Inc.) at 25°C for 45 min. Then cells centrifuged at 300 × g for 15 min and washed with flow cytometry washing buffer (PBS with 0.5--1% bovine serum albumin; Sigma-Aldrich; Merck Millipore), the cells analyzed by flow cytometry analyzer (BD FACSARIA III, BD Biosciences).

### ELISA

MSCs were cultured for 24 h, subsequently the supernatant was harvested, and the total number of cells was counted. ELISA was used to detect the hFIX protein quantity according to the manufacturer\'s protocol (cat. no. LS-F10414; LifeSpan BioSciences, Inc., Seattle, WA, USA). Three independent experiments were performed. The standard curve was prepared using hFIX samples of established concentrations, the concentration of the sample to be tested was evaluated accordingly.

### Detection of in vivo anti-hFIX antibody

All animal experiments were approved by the Ethics Committee of Xiangya Hospital, Central South University (Changsha, China). Female Kunming mice aged 4-weeks-old were purchased from the Experimental Animal Center of Hunan Province (Changsa, China). Mice were housed three per cage, in a room maintained at 23±2°C and 60±10% humidity, in a 12/12 h light/dark cycle. Food and water were supplied ad libitum. A total of 106 MSCs with site-specific integration of the hFIX gene were injected through the tail vein of the 6 mice that weighed 50--60 g, Tail vein blood (\~150 ml) was collected following anesthesia using ketamine/xylazine at a dosage of 100 mg/kg (Sigma-Aldrich; Merck Millipore) at 14 days following MSC injection. The blood plasma was obtained by centrifugation (3,000 × g, 10 min, 4°C) and then stored at −20°C. The anti-hFIX antibody in the mouse plasma was detected with the modified Bethesda method, as previously described ([@b4-mmr-15-03-1313]). Sacrifice of mice was performed using cervical dislocation.

### Statistical analysis

Results of mean ± standard deviation were analyzed using a one-way analysis of variance, the mean of each MSC site-specific clone was compared to that of the control MSC respectively using Dunnett\'s multiple comparison test. The hFIX expression level of each MSC site-specific integration clone was compared with the wild type MSC control group. *In vivo* anti-hFIX antibody level of each mouse injected with an MSC clone was compared with that of control mice without injection. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Construction of the targeting system

The AAVS-AcGFP1- hFIX vector targeting *AAVS1* was constructed, which contained the promoterless GFP expression cassette. Following integration at the *AAVS1* locus, the expression was initiated using the *PPP1R12C* gene promoter. In addition, this vector also contained a *hFIX* expression cassette with the *CMV* promoter ([Fig. 1A](#f1-mmr-15-03-1313){ref-type="fig"}).

### Gene targeting MSCs

The AAVS1-AcGFP1-hFIX donor vector and the ZFN expression vector were nucleofected into the MSCs. 48 h post-transfection, GFP expression was observed under a microscope ([Fig. 1B](#f1-mmr-15-03-1313){ref-type="fig"}). Flow cytometry demonstrated that the GFP-positive cells accounted for 7.03% of the total cells ([Fig. 1C and D](#f1-mmr-15-03-1313){ref-type="fig"}). In the MSC control group, which was transfected with the donor vector but not with the ZFN vector, the proportion of GFP-positive cells was only 0.02% ([Fig. 1C and D](#f1-mmr-15-03-1313){ref-type="fig"}). The PCR analysis revealed an expected target band at 1.6 kb in the co-transfection group, which was not evident in the blank control group and the donor transfection group ([Fig. 1E](#f1-mmr-15-03-1313){ref-type="fig"}). These findings indicated that the *hFIX* expression cassette was successfully integrated into the *AAVS1* locus.

The GFP-positive MSCs were isolated by flow cytometry. The GFP-positive MSCs were isolated from 3.0×10^6^ transfected cells for monoclonal culture ([Fig. 2A](#f2-mmr-15-03-1313){ref-type="fig"}). The clone with the target band of 18 kb was detected and defined as the site-specific integration clone using Southern blotting ([Fig. 2B](#f2-mmr-15-03-1313){ref-type="fig"}).

### Characterization of the MSC clone with site-specific integration

To examine stem cell traits in the MSCs with site-specific integration, the phenotype and pluripotency of the MSCs were investigated. It was determined that the GFP-positive MSCs with site-specific integration maintained the typical expression pattern of the MSC surface markers, including cluster of differentiation (CD) 34-, CD44+, CD73+, CD90+ and CD105+ ([Fig. 2C](#f2-mmr-15-03-1313){ref-type="fig"}). In addition, these cells retained pluripotency of differentiation into osteoblasts, adipocytes and chondrocytes ([Fig. 2D](#f2-mmr-15-03-1313){ref-type="fig"}).

### Expression of hFIX in the clones with site-specific integration

To determine whether hFIX may be effectively expressed from the *AAVS1* locus of the MSCs, the cell culture supernatants from 6 modified cells with site-specific integration were harvested, and the hFIX expression levels were determined using an ELISA. The hFIX expression levels of the six representative cells were 9.3 ng/106 cells/24 h, 9.26 ng/106 cells/24 h, 8.7 ng/106 cells/24 h, 8.97 ng/106 cells/24 h, 9.23 ng/106 cells/24 h and 8.9 ng/106 cells/24 h. The expression levels of hFIX in the individual clone groups were significantly greater compared with the control group (P\<0.05; [Fig. 3](#f3-mmr-15-03-1313){ref-type="fig"}).

### In vivo expression of anti-hFIX

A total of 4 MSC clones were transplanted into normal Kunming mice. After 14 days, serum expression of the anti-hFIX antibody was detected. The average anti-hFIX expression levels were 5.3, 7.05, 3.05 and 6.15 BU/ml, which were significantly different from the control mouse without MSC injection ([Fig. 4](#f4-mmr-15-03-1313){ref-type="fig"}), indicating the expression of hFIX *in vivo*.

Discussion
==========

MSCs may be potential cell vectors for gene therapy. The development of gene targeting technology has promoted the generation of methods for site-specific modification in MSCs. The present study used ZFN to introduce *hFIX* into a safe and effective docking site for exogenous genes in human MSCs, the *AAVS1* locus, with effective *in vitro* and *in vivo* expression. The characteristics of MSCs make them useful for potential hemophilia gene therapy, as blood coagulation factor FVIII ([@b18-mmr-15-03-1313],[@b19-mmr-15-03-1313]) and coagulation factor hFIX ([@b20-mmr-15-03-1313],[@b21-mmr-15-03-1313]) may be highly expressed in MSCs. Following transplantation, MSCs may proliferate in various soft and perivascular tissues in the body ([@b22-mmr-15-03-1313]), which facilitate the release of coagulation factors into the peripheral blood. Furthermore, MSCs may exhibit a targeting ability, which improves targeted gene therapy for damaged tissues.

Various methods for the genetic modification of MSCs have been reported ([@b23-mmr-15-03-1313]--[@b25-mmr-15-03-1313]). However, these methods primarily used random integration of therapeutic genes into the genome. Random integration with an exogenous expression cassette introduces the risk of insertion mutations. Furthermore, the exogenous gene may be silenced, leading to large differences in the expression of the genetically modified cells obtained ([@b11-mmr-15-03-1313],[@b26-mmr-15-03-1313]). It has previously been reported that this gene silencing may be mediated by methylation-dependent and methylation-independent mechanisms ([@b27-mmr-15-03-1313]). The present study used targeted insertion of the *hFIX* gene into the *AAVS1* locus for expression. No gene silencing was identified in the isolated clones, which may be associated with the natural insulator in the *AAVS1* locus that protects a gene from being silenced ([@b28-mmr-15-03-1313]). A previous study demonstrated that an exogenous gene integrated into the *AAVS1* locus in human and mouse embryonic stem cells may be effectively expressed ([@b29-mmr-15-03-1313]). The present study confirmed that an exogenous gene integrated into the *AAVS1* locus in MSCs may be efficiently expressed, which was important for the full application of MSCs in future gene therapy. It of note that our previous study did not identify a difference in the expression levels of tissue plasminogen activator among the different clones following integration into the *AAVS1* locus ([@b17-mmr-15-03-1313]). Similarly, the present study also demonstrated no significant difference in hFIX expression levels among individual clones of MSCs, which may contribute to the reproducible and stable efficacy of future gene therapy.

The development of an appropriate enrichment method for homologous recombination is also important for gene therapy. The use of promoter trapping has been identified as an effective enrichment method for homologous recombination. For targeting vectors with promoter trapping, the selectable marker gene lacks a promoter; following integration by homologous recombination into the genome, the promoter for the targeted gene may be used to increase the expression level of the selectable gene. In the present study, the *PPP1R12C* gene promoter was used to promote the expression of GFP gene without a promoter before integrating into the MSC genome, and the MSCs with site-specific modifications were screened by flow cytometry. A previous study regarding gene targeting primarily screened genes using drugs, such as neomycin and puromycin; however, this screening process may require 2--4 weeks ([@b17-mmr-15-03-1313]), whereas the enrichment method used in the present study only required 24 h to obtain the modified MSCs. A previous study has highlighted that during the *in vitro* MSC culturing process, stem cell traits may be reduced with increased culture time ([@b30-mmr-15-03-1313]). Therefore, gene therapy and cell treatment using MSCs should aim to minimize the *in vitro* culture time. As the anti-h hFIX was detected *in vivo*, it indicates that MSCs obtained by screening in the present study may successfully mediate the *in vivo* expression of hFIX, which was important for the rapid screening of gene-modified MSCs.
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![Targeting of MSCs by AAVS-AcGFP1-hFIX. (A) Targeting vector AAVS-AcGFP1-hFIX was composed of the 5′ and 3′ homologous arms, the promoterless GFP expression cassette IRES2-AcGFP1 and the hFIX expression cassette CMV-hFIX-pA under the control of the CMV promoter. The recognition site for ZFN was located at the *AAVS1* locus of the first intron of the *PPP1R12C* gene. 'primer up' and 'primer dn' were the primers used to validate the site-specific integration clones, which were located at the pA and outside the 3′ end of the 3′ homologous arm, respectively. P1 and P2 were the probes used for the Southern blot to identify the site-specific integration clones. (B) ZFN expression in transfected MSCs. (C and D) Efficiency of GFP expression, as determined using by flow cytometry. (E) Polymerase chain reaction detection for the site-specific integration events. IRES1, internal ribosome entry 2; GFP, green fluorescent protein; CMV, cytomegalovirus; hFIX, human blood coagulation factor IX; AAVS1, adeno-associated virus integration site 1; ZFN, zinc finger nuclease; MSCs, mesenchymal stem cells; D, donor; Z, ZFN; TI, targeted integration.](MMR-15-03-1313-g00){#f1-mmr-15-03-1313}

![Screening for a single clone with site-specific integration and the identification of its stem cell traits. (A) A single GFP-positive cell selected by flow cytometry was cultured to be a cell clone. (B) Southern blot identification of the site-specific integration event. (C) Expression analysis of the cell surface markers. The PE-conjugated antibodies (CD34, CD45, CD73, CD90 and CD105) were incubated with MSCs and then detected with flow cytometry. (D) Differentiation of the MSCs with site-specific integration into adipocytes, osteoblasts and chondrocytes was investigated by staining with Oil Red O, Alizarin red and Alcian blue, respectively. GFP, green fluorescent protein; MSCs, mesenchymal stem cells; C, wild-type MSC control group; T, MSCs with site-specific integration; P1/2, probe 1/2; PE, phycoerythrin; CD, cluster of differentiation.](MMR-15-03-1313-g01){#f2-mmr-15-03-1313}

![Detection of the *in vitro* expression of hFIX in the MSCs. A total of 6 MSC clones with site-specific integration were randomly selected to harvest the cell culture supernatant and the corresponding hFIX expression levels were detected by ELISA. The detection for each clone was repeated three times. ^\#^P\<0.05 vs. Con. hFIX, human blood coagulation factor IX; MSCs, mesenchymal stem cells; T1-6, clone IDs of the individual MSCs clones with site-specific integration; Con, unmodified MSC control.](MMR-15-03-1313-g02){#f3-mmr-15-03-1313}

![Detection of the *in vivo* expression of anti-hFIX in the MSCs. A total of 4 MSC clones with site-specific integration were randomly selected for transplantation into normal Kunming mice and the corresponding expression levels of the anti-hFIX antibody was detected. ^\#^P\<0.05 vs. Con. hFIX, human blood coagulation factor IX; MSCs, mesenchymal stem cells; T1-T4, clone IDs of the individual MSCs clones with site-specific integration; Con, unmodified MSC control.](MMR-15-03-1313-g03){#f4-mmr-15-03-1313}
